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TITLE OF THE INVENTION 

REDUCING SCINTILLATION EFFECTS FOR OPTICAL FREE- 
5 SPACE TRANSMISSION 

BACKGROUND OF THE INVENTION 

Optical free-space transmission is subject to degradation arising from the 
_ 10 effects of scintillation in the transmission medium. Free-space optical 
# signals experience fading from scintillation over times on the order of 
|y several milliseconds. During these times, a multi-gigabit/second signal 
=1= may lose tens of milhons of bits. For example, an 8 millisecondfade in a 
X. 2.5 gigabit/second data stream equates to the loss of 20,000,000 bits. 

h 15 

;;h When a data stream is transmitted over optical fibers, block-oriented 
[J forward error correction (FEC) is widely used. However, the 
H degradation arising from scintillation effects in free-space optical 
transmission can last for milhons of bits compared to the typically far 
20 shorter duration of error bursts in optical fiber media. The single-block 
FEC error correction process therefore is extremely impractical in 
correcting errors of the lengths that occur in free-space optical 
transmission. Addressing the problem resulting from scintillation effects 
by selective re-transmission of affected blocks is also not practical for 
25 such large error bursts, due to the real-time nature of communication 
processes such as video. 
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The practice of interleaving, or shuffling, data streams is used to achieve 
greater robustness and noise reduction in many communications 
applications. The general principle, as stated in the publication "Error 
Correcting Codes", W. Peterson and E. J. Weldon, MIT Press (1972), 
5 p. 371, (which is hereby incorporated by reference) is that a terror- 
correcting code interleaved to degree / is capable of correcting all single 
bursts of length i*t or less. Through interleaving, the burst error can be 
made to have the effect of many isolated errors, provided that the data is 
interleaved over a span large compared to the burst duration. 

q io 

ifl Interleaving is therefore a candidate for error-correction of scintillation 
# effects in optical free-space transmission, since in theory it can correct 
Ci for error bursts that last for tens of millions of consecutive bits. 

However, in correcting tens of millions of bits in a burst error within a 
J 15 single code block, the communication terminal requires an 
2 extraordinarily large encoder/decoder and buffer store under current 
jf terminal design concepts. Considerations of cost, size, and power 
consumed by the scintillation effect error-correction apparatus must be 
constrained in realizing a commercially practical communication 
20 terminal. 

Synchronous-dynamic-random-access-memory (SDRAM) devices are 
available that can provide a practical means of realizing the large 
permutation matrix capacity required to interleave. However, the 
25 SDRAM rows, or "pages", typically incur a significant, multi-cycle 
overhead cost whenever it is necessary to change the row address, i.e. 
change "pages". The column address field typically equates to the low 



2 



Beackenetal 5-4-2-17 



order digits in the physical address of the SDRAM, such that when 
addressing consecutive or grouped sets of data, a minimum of page 
changes is incurred. If the SDRAM devices were addressed in a 
straightforward way, namely storing segments of the block FEC 
5 codeword in successive addresses, then reading-out of the codeword 
sequence in permuted order to effect the interleaving requires changing 
page addresses each time the memory is referenced, due to the large 
address increments required. An analogous process is that of storing a 
matrix with row elements in successive addresses, then reading the 

G 10 matrix by column. Address increments equal to the row length would be 

CO required in reading the transposed matrix. 

m More specifically, in a suitable SDRAM device grouping arranged to 

:; J. 5; 

provide buffer store for the large permutation matrix needed for 
^ 15 interleaving and de-interleaving, a large number of cycles (7 for 
55 example) are required to change page addresses. The result of 
[J straightforward addressing then is a seven-fold reduction of the effective 
memory speed. The high bit rates involved in optical communications 
already mandate using the fastest SDRAM devices available to perform 
20 this interleaving process. Therefore, such a slowdown would impair the 
practicality of using SDRAM devices to implement a process of 
overcoming scintillation effects in optical free -space transmission. 

SUMMARY OF THE INVENTION 

25 

This invention provides a process and apparatus for encoding-interleaving 
and deinterleaving-decoding an optical data stream which overcomes 
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transmission degradation from scintillation effects. A burst error of the 
magnitude of 20 million consecutive bits can be masked at an affordable 
cost in components and a negligible cost in added latency. 

5 Using (255,223) Reed-Solomon coding, a payload bit stream is encoded 
into codewords and the resulting codewords are fragmented and 
distributed over a permutation buffer, where they are interleaved with 
other codewords, over a span sufficiently large that a burst error E-bits in 
duration will effect at most b-bits in any codeword where, for example, 

10 E/b= 156,250. 

m The invention in one embodiment uses SDRAM devices for permutation 
I % buffers. However, the invention overcomes the limitations of the typical 
5 SDRAM device when used to provide large array permutations, by using 
Iffl 15 an address remapping that essentially equalizes the READ vs. WRITE 
rates. In accordance with this aspect of the invention, unique advantage 
% is taken of a characteristic of state-of -the-art SDRAM devices, that one 
j| can READ or WRITE the devices at the device cycle rate within a page 
g (i.e. row). 
20 

In the matrix transpose used during loading of the SDRAM buffer in the 
interleaving process at the transmit end, and in the deinterleaving process 
at the receive end, address re-mapping is applied when the number of 
columns that can be stored in one page is too small - that is, when the 
25 overhead cycles of the SDRAM devices amortized over the number of 
memory references that can occur (as a row is read) before a page change, 
leads to an effective memory cycle rate that does not meet system 
requirements. 
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Address remapping in accordance with the invention redistributes 
overhead operations from WRITE to READ, which permits essentially 
realtime operation with a minimum of elastic memory. Thus, as matrix 
entries are received by row, a physical SDRAM page change occurs - 
5 for example -every 15 entries instead of every 512 entries. The result is 
that the overhead associated with row-address changes is made roughly 
equal in both the WRITE (i.e. input to the permutation buffer) and 
READ (read-out of the permutation buffer). In this way the overhead 
cycles are amortized over a large number of memory references for both 
O 10 the READ and WRITE process, such that the effective memory cycle 

IB rate asymptotically approaches the burst physical cycle rate. 

=: r y ; ' 

jl The invention thus solves the problem of economically managing the 
very large interleaving or permutation span required to cover error 

% 15 bursts in optical free-space communications of the order of 20 million 

Jjt bits, which would result, for example, if an 8 millisecond fade occurred 

|f during a 2.5 gigabit/sec. transmission. 

Although the invention is described in an illustrative embodiment 
20 involving optical free-space communications, the invention also has 
applicability to, for example, RF wireless communications systems (e.g. 
millimeter wave). As such systems operate at higher and higher data 
rates, the fades they experience also create lost megabits. Using the 
methods and apparatus hereinafter taught, the megabits lost in fades in 
25 RF wireless communications may be recovered. 
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DETAILED DESCRIPTION OF THE DRAWING 

Fig. 1 is a schematic block diagram of an optical free-space 
communication system; 

5 

Fig, 2 is a schematic block diagram illustrating a transmitter-end system 
and components to perform the invention; 

Fig. 3 is a diagram illustrating segmenting of codewords to prepare for 
10 interleaving; 

Fig. 4 is a flow chart showing a protocol for interleaving blocks of 
codeword segments; 

Jjf 15 Fig. 5 is a schematic block diagram illustrating a receiver-end system 

j y and components to perform the invention; 

#: 

: £ Fig. 6A is a diagram illustrating remapping of addresses in SDRAM 

J! matrix to balance "READ" vs. "WRITE" overhead in terms of SDRAM 

s 20 page changes; 

f ; Fig. 6B is a diagram illustrating another exemplary way to remap 

Sy SDRAM addresses to balance "READ" vs. "WRITE" overhead; 

I* 25 Fig. 6C is a diagram illustrating consequences of holding a received 
matrix on one 512-address page if receiver stores entries sequentially; 

Fig. 7A is a flow chart of the process including address remapping at the 
transmit end; and 

30 

Fig. 7B is a flow chart of the process including address remapping at the 
receive end. 

ILLUSTRATIVE EMBODIMENT 

35 In the exemplary embodiment described below, the principle of 
interleaving moderately sized burst-error correction code blocks is used, 
but on a macro scale much larger than conventionally applied, such that 
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the interleaving for the examples illustrated spans hundreds of millions 
of bits in order to support recovery from burst errors on the order of 
tens of millions of bits. Synchronous Dynamic Random Access Memory 
(SDRAM) device technology is used by way of example, to make it 
5 feasible and economical to support the extremely large memory arrays 
that are required to implement such a process. The large row-column 
random access overhead, which is universal with SDRAM technology, is 
substantially reduced by an address remapping of physical addresses. The 
effect of the address remapping is that overhead cycle bursts are 
O 10 distributed rather than occurring in clusters of consecutive memory 
K references, which is typical when a straightforward use of memory 
f address space is applied. This allows the invention's high-speed memory 

# reference rate to be maintained with minimal elasticity in the data flow. 

if? 

II 15 The process involves first conventionally encoding the data stream into 
Jl codewords or blocks each of n bits comprising k payload bits and (n-k) 
jf error-correcting-code-bits. The process then defines the maximum 
number of errors that can be corrected within a codeword as b, taking 
into account that the maximum number of bits that can be corrected by 
20 any linear code is: 

b = .5 *(n-k). (equation 1) 

and this limit is attained for selected instances of Reed-Solomon coding. 

Assume an example Reed-Solomon code of (255,223), which means the 
25 code word is 255 symbols in length, of which 223 are payload symbols, 
255-223 = 32 are check symbols, and the symbol is an eight-bit octet. 
The bound of correctable symbols indicated by equation 1 that is 
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achieved for this example, is up to .5 * (255-223) = 16 symbols. This 
means the codeword size in bits is 8*255 = 2040 for this example; and 
that an error burst in one codeword of up to b = 16 x 8 =128 bits can be 
corrected. 

5 

If the objective is to mask error bursts of duration E bits, the number of 
codewords, M, that must be interleaved is: 

M=E/b. (equation 2) 

Thus, correcting an error burst of the order of 20 million bits would 
^ J 10 require interleaving 

i M = 20 x 10 6 /128 =156,250 codewords. 

The span of the interleaving (that is, the dimension of the permutation 
C3 matrix, i.e. size S of the buffer required and hence the duration of the 

latency added by this process) is: 
% 15 S = M*n . (equation 3) 

n - : ; 

Q For the above example, M is 156,250; and n (expressed in bits) is 2040, 
such that a buffer store of M*n = 3.1875 x 10 8 bits is required. 

20 The effects of scintillation degradation in free-space optical 
transmission can vary as a function of many ambient conditions. For 
example, for a point-to-point optical range of 4.4 km. and a crosswind 
on the order of 10 mph, the temporal correlation of scintillation is on 
the order of 15 milliseconds. For a range of 1km. and 10 mph. 

25 crosswind, the time scale is 7-8 milliseconds. If the crosswind is on the 
order of 20 mph. in the range of 1km., the temporal correlation becomes 
about 4 milliseconds. The extent of scintillation effect also varies as a 
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function of other atmospheric conditions including, for example, air 
temperature, emissions and relative humidity. The onset of scintillation 
conditions can also be determined by the monitoring of the received 
signal of the reverse path of a free space optical link. 

5 

The invention is illustrated as part of an optical free-space transmission 
system seen in FIG. 1. The system receives at an input end a data 
stream payload 10. The payload may be in the form of a continuous data 
stream; or may comprise data bursts where the bit-length of the payload 
5 10 may vary from burst to burst. 



The burst-error correction process may be applied unconditionally and 
continuously to all data transmitted; or may be selectively applied when 
certain free-space conditions such as just described are detected, for 

15 example, by sensors 19. Sensors 19 are linked to computer controller 
26, where instructions contain threshold values which determine 
whether the free-space scintillation conditions are present. If the free- 
space medium conditions are occurring, data stream payload 10 is routed 
through signal conditioner 11. Here, the data is encoded and interleaved 

20 into a buffer store in a manner to be described. The output of signal 
conditioner 11 is transmitted by transmitter 12, for transmission 
through free-space medium 13 to a receiver 14. If the received signal has 
been conditioned for scintillation, it is fed to signal extractor 15 for de- 
interleaving and decoding before being routed for end use in, for 

25 example, video or high-speed data applications. 
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Referring now to Fig, 2, signal conditioner 11 comprises encoder 20 
which preferably is of the (255,223) Reed-Solomon type. A data stream 
payload 10 of 2.5 gbit is fed to Reed-Solomon encoder 20, which 
outputs a 2.86 gbit stream in this illustrative embodiment. Preferably, 
5 Reed-Solomon coding is used having a Galois Field of 8-bit symbols and 
a (255,223) code configuration. Reed-Solomon coding is 
comprehensively described in the afore-mentioned text "Error 
Correcting Codes"s, Peterson and Weldon, 1992. Encoder 20 encodes the 
payload data stream 10 into codewords, each of length n as seen in Fig. 
& 10 3. An exemplary codeword 30 is split into the desired number (for 
» example, 30) of codeword fragments, of which for convenience only six 
i fragments 30a-30f are shown. The next codeword then is similarly 
IB fragmented into 34 fragments; and these latter fragments are interleaved 
with the previous thirty-four fragments. The interleaving of codewords 
5 15 occurs over a span sufficiently large that the burst error of length E bits 
1J will affect at most b bits in any given codeword. Methodologies for 
H effecting the interleaving are well-known, one example being described 
in US 5,889,791 which is hereby incorporated by reference. 

20 Fig. 4 shows a sequence of steps by which segments of each codeword 
may be denoted by a 2-tuple where n is the codeword number and m is 
a 60-bit segment within the denoted codeword. After being labeled, the 
first block of 156,250 codewords are interleaved into cells of buffer 22. 
After interleaving of this first block of 156,250 codewords, the 

25 codeword sequence is shown by the bracketed number sequences, which 
reveal the writing of "column entries" for subsequent READOUT as 
rows. In the same way, the second block of codewords and beyond, are 
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interleaved. Consecutive entries from the same codeword are separated 
by 60x156,250=9.375 megabits. Thus, an erasure or loss of any two of 
the bracketed sequences (each being 9.375 megabits) incurs no more 
than 120 bits of error in any codeword. 

5 

Returning to Fig. 2, a 60-bit input shift register 21 receives the encoder 
20 output. Sixty-bit segments of the codeword are chosen because 60 is 
an integer factor of 2040 and 60 bits x 156,250 x 2 is close to the 
nominal 20 megabit burst-error length objective of 18.75 megabits. A 
J 10 burst error of 18.75 rnillion bits would destroy two 60-bit segments (120 
B bits) in each of 156,250 interleaved codewords, but because all of the 
fi codewords have the capability of correcting 128 bits, all the data would 
;Q be recovered in the example. 

1 15 Input shift register 21 distributes the fragments created in encoder 20 to 
'% a buffer store 22 comprising a bank of eight SDRAMs 22a.... 22h, 
3 ganged in groups of four. The SDRAMs are 16 bit X 8 megaword 

:s:V 

stores. The SDRAM devices are loaded in accordance with addresses 
supplied by Field Programmable Gate Array (FPGA) configured as 

20 address generators 23, 24. The operation of buffer store 22, and FPGA 
address generators 23, 24 are directed by computer controller 26. 
READOUT from the SDRAM devices is to output shift register 25, 
which feeds transmitter 12 with a stream of encoded and interleaved 
bits. A substantially identical buffer store 52 at the receiver is used to 

25 deinterleave; and is described hereinafter and in Fig. 5. 
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The encoding processes of encoder 20, the addressing functions of 
address generators 23, 24 the storage functions of SDRAMs 22a. .h, and 
the operation of input and output shift registers 21,25 may be performed 
in separate hardware components with functionalities coordinated by 
5 instruction code run in computer controller 26 shown in Fig. 2. If 
hardware is preferred, suitable commercially available components are: 
Vitesse Semiconductor VSC 7146 device for the shift registers 21, 25; 
and Lucent Technology's ORCA FPGA ORT8850 components for the 
address generators 23, 24. The functions of address generators 23, 24 
3 10 and input shift registers 21,25, as well as encoder 20, may alternatively 
i be provided as code instructions under the control of computer controller 

n In the present example, the Reed-Solomon code uses a Galios Field of 8- 

3 15 bit symbols and a (255-233) code. Thus, a codeword is 255 octets (bytes) 

U in length, of which 223 are payload, with the remaining 32 as check 

;~ symbols. The code has the capability of correcting 32/2 or 16 bytes of 

tvsS' 

* error. This means that as few as 16 isolated errors (i.e. if each error were 
in a different octet) could be corrected; but that as many as 16 x 8 or 128 
20 bit errors would be corrected in any block if the errors all occurred within 
16 bytes. 

From an exemplary field measurement of free-space optical transmission 
over a 10 km range, roughly 90% of the fades were of duration less than 
25 8 ms. A data stream bit rate of 2.5 x 10 9 /sec. would yield a value of E = 
20 x 10 6 bits lost during an 8 ms. fade. Since at most 128 bits of any 
codeword can be lost due to the burst error and still mask the burst, the 
number of codewords that must be interleaved in this example is: 
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E / b = 2 x 10 7 /128 = 156,250 (equation 4) 

Since the codeword is 255 x 8 = 2040 bits long, the interleaving buffer 

5 store 22 size is: 

(E/b)*n = 156,250* 2040= 318,750,000 bits (equation 5) 

A buffer store of this size may be realized by using SDRAMs of 128 or 
256 megabits in size. 

10 

The WRITE process to SDRAM devices in buffer store 22 requires 
forming 60-bit words in 20.8 ns. (60 times the bit period of the 2.8 x 
10 9 bit/sec. encoded data stream). Performing interleaving in a 
straightforward manner involves writing entries at address increments of 

15 156,250 (i. e., matrix column entries), then READING out 
consecutive addresses (rows) to transmit the interleaved codewords. 
Parameters peculiar to state-of-the-art SDRAM devices make this 
difficult, because of latency effects vis-a-vis isolated READ or WRITE 
operations. With SDRAM devices with a CAS-latency of 2, the 

20 maximum rate of writing into distinct rows (pages) of the SDRAMs is 
once every 7 cycles. This is exemplified by the characteristics of the 
Micron Technologies SDRAM device no. MT48LC8M16A2. More 
information on this and similar SDRAM devices from Micron 
Technologies Inc. may be obtained at their WebSite at 

25 http://www.micron.com Other manufacturers also produce SDRAM devices; 
and it is understood that all such similar devices may be adapted by 
persons skilled in the art to practice the invention. 
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In order to realize performance with the minimum of overhead 
operations in the SDRAM devices, it is desirable to use Class-2 SDRAM 
with a maximum clock rate of 133 MHz., or 7.5 ns. cycle time. 
5 However, this seven cycle WRITE epoch associated with the SDRAM 
devices of buffer store 22 is not compatible with 20.8 ns. READOUT 
rate at which new 60-bit codeword segments are being generated. 

To overcome this incompatibility, the invention takes unique advantage 
of a characteristic of the state-of -the-art SDRAM devices, which is that 
one can READ or WRITE to the devices at the device cycle rate within 
a page (i.e. row). To illustrate: for the Micron Technologies SDRAM, 
device no. MT48LC8M16A2 noted earlier (with 16 bits x 2M x 4 
banks) the page size is 512 sixteen-bit words, and the clock rate is 133 
MHz. (7.5 ns.). If these devices are addressed in a conventional fashion, 
they would require 7x7.5 = 52.5 ns. per WRITE, because the WRITE 
address increments far exceed the page size. However, consecutively- 
addressed READ operands can asymptotically be performed at a 7.5 ns. 
rate, which is well under the 20.7 ns. rate required for real-time 
transmissions. 

The general remapping strategy therefore is to equalizing "READ" vs. 
"WRITE" rates. Essentially, the idea is to regard each page in SDRAM 
memory as multiple "virtual" pages; and exploit the fast WRITE rate on 
25 the same (physical) page in exchange for requiring a more frequent page 
change during READ in the permutation operation. Referring to FIG. 
6A, the general approach is to WRITE K consecutive entries into one 
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physical page, with the result that the READ process must then change 
pages [K] times as often compared with simply READING each P-entry 
page of SDRAM as a single sequence of consecutive addresses (where P 
is the page size). 

5 

For the numbers involved in the example, each physical 512-word 
SDRAM page is defined as consisting of 34 pages of 15 words each (two 
words are wasted). Since the permutation matrix is 34x150250 in size, 
the number 34 is selected to make indexing systematic. 

5 10 

ffi The hardware and computer controls for effecting deinterleaving and 
S decoding, and the determinations of when to effect address-remapping of 
Cff the buffer stores 22 and 52, are next described. 

I| 15 Referring to Fig. 5, the signal extractor 15 at the receiver includes a 
% computer controller 50 and an SDRAM buffer store 52 which may be 
y substantially identical in construction to buffer store 22 at the 
transmitter. In Fig. • 5, however, the buffer store is depicted as a matrix 
of memory cells such as cell 51, each cell being defined by the 
20 intersections of rows 1, 2, R and columns 1, 2, C. Computer 
controller 50 receives the encoded and interleaved signal 9 transmitted 
from transmitter 12 through free-space medium 13. An address decoder 
53 controlled by computer controller 50 acquires the address 
information associated with each received interleaved codeword 
25 segment such as segment 30f in Fig. 3, and specifies the cell addresses in 
buffer store 52 into which the sequentially-received codeword segments 
are to be stored. 
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Each row of cells of buffer store 52 is served by a WRITE enable driver 
54; and each column of cells of buffer store 52 is served by a WRITE 
data driver 55. Addresses to which to send the interleaved segments are 
5 supplied by address decoder 53 to WRITE enable driver 54. The 
received interleaved codeword segments are assembled in input shift 
register 56 and forwarded to WRITE data driver 55. Under control of 
WRITE enable driver 54, WRITE data driver 55 transfers segments to 
the memory cell matrix of SDRAM buffer store 52. 

10 

For READout, a READ enable driver 57 is connected to each row of 
memory cells, of SDRAM buffer store 52, and a READ data driver 58 is 
connected to each column of cells of SDRAM buffer store 52. READout 
from SDRAM buffer store 52 is preceded by determining in computer 

15 controller 50 whether the matrix of SDRAM buffer store 52, if mapped 
in the straightforward manner, will not slow down the process when 
read; or whether instead the need exists to remap the matrix to execute 
the deinterleaving in such a way as to equalize READ VS. WRITE 
rates. The READout data from Buffer store 22 is accumulated in output 

20 shift register 59; and the deinterleaved output data stream 60 is thereafter 
directed to Reed-Solomon decoder 61 which decodes the deinterleaved 
data stream. A deinterleaved and decoded data stream 62 is channeled 
from Reed-Solomon decoder 61 to an end use in video or data 
applications. Control signal paths, all denoted 51 for simplicity, are 

25 provided from computer controller 50 to the functions 53, 54, 55, 56, 
57, 58 and 59. 
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For the deinterleaving, buffer store 52 is read by activating READ 
enable driver 57 to read data from the matrix accessed by READ data 
driver 58. Remapping of physical addresses where needed, is performed 
in accordance with the following criteria. In general, whether at the 
5 transmitter or the receiver, address remapping is performed when the 
number of matrix columns that can be stored in one page of SDRAM 
buffer store 52 is too small - which is the case when the overhead 
cycles amortized over the number of memory references that can occur 
(as a row is read) before a page change, leads to an effective memory 
;jf 10 cycle rate that does not meet system requirements. For the particular 
; u device speed parameters used in the herein example, the number of 
| columns that must be held on one page must be 4 or greater. Because of 
2 the 7-cycle oveihead when a page change does occur (at 7.5 ns/sec.) vs. 
^ the 20.8 ns. system cycle rate, a first-in, first-out elastic memory of 4 
«k 15 entries provides a means to bridge the page change. The 52.5 ns. 
IM interruption incurred by the page change is effectively masked with a 
|I backlog of 3 entries in the elastic memory. 

The remapping of addresses in the matrix of buffer store 52 is illustrated 
20 in Figs. 6A, 6B and 6C. (Remapping addresses in the matrix of buffer 
store 22 is accomplished in the same fashion as hereinafter described). 
Referring again to Fig. 6 A, during the WRITE operation, entries 1,1 

1,2 ....1,34 are stored in physical addresses 0,15, ,495 of the first 

SDRAM page. However, these are treated during the READ operation as 

25 addresses 0, 156,250, ,33x156,250 respectively. Because the 

factorization of addresses maps has the row length as one factor, exactly 
15 rows of 34 entries in this example fit into one physical page. The 
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"virtual" addresses illustrated in Fig. 6A, refer to the sequence in 
which the READout is performed to complete the permutation. 

The remapping strategy is described below in terms of matrix transpose 
5 operations. For the above example's parameters of codewords 2040 bits 
in length factored into 34 sixty-bit entries for the purpose of 
interleaving, assume the 60-bit entries in the first codeword are denoted: 

1,1 1,2 1,3 1,34 

and in general the n'th entry in codeword m is denoted m, n. 

C io 

CO In the above example which calls for interleaving corresponding entries 
3 from each of 156,250 codewords, the dimensions of the matrix are 34 
Cft rows x 156,250 columns. If the matrix is written as in Fig. 6B, then at 
the transmitter end, the matrix is read in column order, and in this 
% 15 particular example, because of the short column dimension, it is not 
jj necessary to apply the address re-mapping at the transmitter. Fifteen 
y[ columns of this matrix occupies one 512-address SDRAM page (15 x 
34 =510, and two addresses are skipped). Therefore, storing these first 
510 entries on the first page, denoted 27 in Fig. 6B, during the WRITE 
20 operation results in an addressing pattern during the READout 
operation (i.e. as the transpose is being performed), wherein an 
SDRAM physical page change need only occur every 15 memory 
references as the matrix is read by row. That is, reading the successive 
submatrices following reading of submatrix 27 requires an SDRAM 
25 physical page change only every 15 memory references. This 
amortization of the page change overhead is sufficient to maintain real 
time operation for the example parameters. 

18 
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However, at the receiver end the same matrix is received by row into the 
matrix of SDRAM buffer store 52. This matrix must be transposed 
effect a de-interleaving. If the received entries were written 
5 sequentially into SDRAM buffer store 52 as depicted in Fig. 6C, the 
result would be a page change every 512 memory references during 
WRITE, but the subsequent READ by column of the matrix would 
require SDRAM page changes every memory reference. This would 
mean that real-time operation could not be maintained with the example 
"~ 10 parameters. 

ii .'. i '■ 

The problem is overcome by the re-mapping of addresses. The same 34 
® x 15 submatrix dimensions as illustrated in Fig, 6B is replicated at the 
^ receiver end to redistribute overhead operations from WRITE to READ 
15 and therefore enable real time operation with a minimum of elastic 
|y memory. This means that as the entries are received by row, a physical 
U SDRAM page change occurs every 15 entries instead of 512. After 
stepping writing 15 entries on each of 10416 such pages to store one 
entire row of the matrix (the last page holds 10 rather than 15 for these 
20 numbers), the next 15 entries are written on the first physical SDRAM 
page, such that each entry from the second row of the matrix appears on 
the same physical page as the corresponding first row, etc. 

Exact equalization of READ and WRITE overhead advantageously 
25 involves choosing a square submatrix with dimensions equal to the 
square root of the page size. For the example parameters (512-word 
page size) this is not integer. Any submatrix dimensioning (where the 
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submatrix represents the set of entries to be written on a single physical 
page) is satisfactory for which the minimum matrix dimension 
(representing the number of successive memory references that occur 
before a page change) is sufficient to amortize the SDRAM overhead 
5 for a page change. This amortization is dependent on the relationship of 
the maximum burst rate of the memory versus the transfer rate of new 
entries to be read or written. The excess of burst rate versus transfer 
rate must be sufficient to cover the overhead cycles. Thus, for the 
example with a 20.8 ns. entry receive or transmit rate, a 7.5 ns 
Qio SDRAM rate on one page, and a 52.5 ns SDRAM page-change 
W overhead, amortizing the overhead over 15 memory references is more 
ii than sufficient to maintain real time with an elastic store of 4 words. 

T The question of when in the general case the remapping is 

2 15 implemented, is dependent on the particular SDRAM device speed, the 

j y number of columns that must be held on one page (4 or greater in the 

}J above example), the data rate and other factors. 

For example, the parameters of the above example require choosing a 
20 large data fragment, or word size, (60 bits) due to the high speed of the 
data stream and the need to thereby reduce the system clock rate to a 
value compatible with readily available memory and digital logic 
devices. As a consequence of the large word size the number of such 
words involved in decomposing the Reed-Solomon codeword of 2040 
25 bits for purposes of interleaving is only 34. This does not provide a 
sufficient number of consecutive memory references between page 
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changes to amortize the 7 cycle overhead, when the input words are 
stored in consecutive addresses; and hence address remapping is applied. 

The flow chart of Fig. 7A summarizes the key process steps described 
above, which provide a balance of SDRAM READ vs. WRITE 
operations at the transmit end. Fig. 7B illustrates the key process steps 
of deinterleaving at the receive end a coded and interleaved signal 
generated by the process and apparatus at the transmit end. 
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